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A water-soluble ionizing radiation mitigator would have considerable advantages for the management of acute and chronic effects of ionizing radiation. We report that a novel oxetanyl sulfoxide (MMS350) is effective both as a protector and a mitigator of clonal mouse bone marrow stromal cell lines in vitro, and is an effective in vivo mitigator when administered 24 h after 9.5 Gy (LD 100/30 ) total-body irradiation of C57BL/6NHsd mice, significantly improving survival (P ¼ 0.0097). Furthermore, MMS350 (400 lM) added weekly to drinking water after 20 Gy thoracic irradiation significantly decreased: expression of pulmonary inflammatory and profibrotic gene transcripts and proteins; migration into the lungs of bone marrow origin luciferase+/GFP+ (luc+/GFP+) fibroblast progenitors (in both luc+ marrow chimeric and luc+ stromal cell line injected mouse models) and decreased radiation-induced pulmonary fibrosis (P , 0.0001). This nontoxic and orally administered small molecule may be an effective therapeutic in clinical radiotherapy and as a counter measure against the acute and chronic effects of ionizing radiation. Ó 2013 by Radiation Research Society
INTRODUCTION
Radiation-induced pulmonary fibrosis remains a major complication of radiotherapy for thoracic malignancies, particularly non-small cell lung cancer (1, 2) . The clinical picture of radiation-induced pulmonary fibrosis is one of replacement of alveolar and distant bronchiolar anatomic structures with myofibroblasts (3, 4) , shown recently to be comprised of both endogenous pulmonary fibroblasts and bone marrow origin migratory cells (5, 6) . Elucidation of the mechanism of radiation-induced pulmonary fibrosis involves the discovery of those factors, which stimulate proliferation of resident lung fibroblasts and those controlling the migration into the lungs of marrow origin fibroblast progenitors. In the C57BL/6J mouse model, these two processes, which are involved in radiation-induced pulmonary fibrosis, are initiated after a latent period of at least 150 days, following the initial 14 days of an acute radiationinduced pneumonitis phase (3) .
Mouse models for radiation-induced pulmonary fibrosis emphasize the separate and independent processes of acute radiation pneumonitis from late pulmonary fibrosis. Both the fibrosis-prone C57BL/6J mouse and fibrosis resistant C3H/HeJ mice demonstrate a similar acute pulmonary radiation reaction (7, 8) . Similarities in histopathology between radiation-induced pulmonary fibrosis and lung fibrosis associated with bleomycin chemotherapy (9) , idiopathic pulmonary fibrosis and sclerodermal lung (10, 11) suggest a common role for a late onset inflammatory response accompanied by elevated biomarkers of oxidative stress (12) (13) (14) (15) (16) ; however, published clinical trials of treatment of pulmonary fibrosis have shown incomplete effectiveness of antioxidant therapies such as N-acetylcysteine or amifostine (10, 11) . A better understanding of the molecular pathophysiology of radiation-induced pulmonary fibrosis might lead to the identification of critical pathways and new targets for small molecule therapeutics that could have applications in a variety of clinical settings.
Recent studies of radiation-induced pulmonary fibrosis in the C57BL/6J mouse model have clearly defined the latent period following acute pneumonitis (4) (5) (6) 17) . During the latent period, pulmonary histology appears normal, but is then followed by fibrosis, which is heralded by elevation of both protective enzymes such as MnSOD and profibrotic cytokines including TGF-b (4, 17). Understanding the molecular and cellular events during the latent period that led up to the initiation of fibrosis, is a major challenge. Specific molecular targets for prevention of fibrosis have not been identified, consequently limiting the discovery of therapeutic drugs to ameliorate this highly problematic late radiation-induced complication.
The development of a water-soluble small molecule mitigator that is suitable for oral administration would greatly contribute to both protection of normal tissue during clinical radiotherapy and efficiency of deployment of radiation counter measures (18) (19) (20) (21) . Effective small molecule radiation mitigators include the GS-nitroxides (18) (19) (20) , triphenylphosphonium conjugated Imidazole Fatty Acids (22) , phospho-inositol-3 kinase inhibitors (23) , and a variety of other small molecules, which inhibit ionizing radiationinduced cell death (24) . Delivery of some of these small molecules at 24 h or later after total-body irradiation has proven effective in animal models of the hematopoietic syndrome (21) . GS-nitroxides have proven effective in radiation protection in both total-body irradiation (25) and organ-specific protection of the esophagus (26) from ionizing irradiation.
A challenge for the development of small molecule radiation mitigators has been the design and implementation of a nontoxic and reliable delivery system. The insolubility of many new small molecule radiation mitigators has necessitated their administration by intravenous, intraperitoneal or other systemic routes (18, 22) , coupled with delivery formulations that require liposomal or other vehicles, some of which have been unsuitable for oral administration (26) . We now report a novel water-soluble radiation mitigator (MMS350) (27) , which when delivered in drinking water over several weeks, reduces late radiationinduced biomarker elevations and both marrow stromal cell mediated and overall pulmonary fibrosis in C57BL/6NHsd mice.
MATERIALS AND METHODS
Mouse Total-Body and Thoracic Irradiation C57BL/6NHsd mice were obtained from Harlan Sprague Dawley and C57BL6-LucþGFPþ mice were obtained from Steve Thorne, University of Pittsburgh Cancer Institute and housed 5 per cage according to Institutional IACUC protocols. Total-body irradiation and transplantation of luciferaseþ (lucþ) marrow was performed as published (5, 6) .
For lung irradiation, the thoracic cavity was irradiated with shielding of the head and neck region and abdomen and lower body parts according to published methods (5) . Animals received 20 Gy single-fraction thoracic irradiation and were then maintained according to IACUC directed laboratory conditions. Mice were sacrificed at serial time points after thoracic irradiation including preirradiation, days 2, 7, 14, 21, 25, 28, 50, 75, 100, 110, 125, 150 and 200 postirradiation. Lungs were removed and representative lung lobes were tested by RT-PCR for levels of detectable message for inflammatory cytokines, redox sensitive promoters, and antioxidants such as MnSOD. Lung tissue was also removed at select time points for histology according to published methods (28, 29) .
In Vitro Radiation Survival Curves
The murine C57BL/6NHsd bone marrow stromal cell line (6, 17) and its use in clonogenic radiation survival curves has been described (6, 17) .
Cell Line and Animal Irradiation
Cell lines were irradiated at a dose rate of 70 cGy/min using a JL Shepherd Mark1 Model 68 cesium irradiator (San Fernando, CA) according to published methods (6) . Clonogenic survival curve assays with bone marrow stromal cell lines were carried out according to published methods (6) . Mice were irradiated whole body with 9.5 Gy of gamma rays from a JL Shepherd Mark 1 Model 68 irradiator or thoracically with 20 Gy of 6 MV X rays from a Varian Linear Accelerator (Varian Medical Systems, Inc., Palo Alto, CA) according to published methods (5, 18) .
Small Molecule Radiation Protector and Mitigator Drugs
The syntheses of GS-nitroxide JP4-039 (18, 30) and the bisoxetanyl sulfoxide MMS350 (27) , a dimethylsulfoxide (DMSO) analog, have been described previously. Measurement of levels of gene transcripts for irradiation inducible transcription factors, growth factors, inflammatory cytokines, adhesion molecules and protective enzymes were determined by RT-PCR as follows.
RNA was extracted from mouse lung or purified cell populations using the TRIzol reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instructions, quantified using a spectrophotometer and stored at À808C. Reverse transcription of 2 lg of total RNA to complementary DNA (cDNA) was accomplished using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's protocol.
In subsequent steps, expression of specific RNA moieties included: GUSB (Gen-Bank: NM_010368.1); NF-jB (Gen-Bank: NM_199267.2); TNF-a (Gen-Bank: NM_013693. ( G e n -B a n k : N M _ 0 0 1 1 5 9 5 1 8 . 1 ) ; I L -1 2 a ( G e n -B a n k : NM_001159424.1); and Collagen 1a (Gene-Bank: NM007742.3). Each was quantitated by real-time polymerase chain reaction (RT-PCR) as described in ref. (28) . Ninety-six well plates were prepared with 10 ll of Taqman Gene Expression Master mix, 5 ll of RNasefree water, 1 ll of the corresponding Taqman Gene Expression probe, and 4 ll of cDNA (totaling 2 lg cDNA) using the Eppendorf epMotion 5070 automated pipetting system (Eppendorf, Westbury, NY). The cDNA was amplified with 40 cycles of 958C (denaturation) for 15 s and 608C (annealing and elongation) for 1 min using the Eppendorf Realplex2 Mastercycler.
Data for each gene transcript were normalized by calculating the differences (DCt) from the Ct-GUSB and Ct-Target genes. Subsequently, the relative increase or decrease in expression was calculated by comparing the reference gene with the target gene (DDCt) and using the formula for relative expression (¼ 2 DDCt ). Subsequently, (DDCt) levels were compared and P values were calculated using the one-way ANOVA followed by Tukey's multiple comparison tests. The results were presented as (10-10 4 -fold) increase in RNA above baseline levels, which were adjusted to that for C57BL/6J/NHsd wild-type mice. The preirradiation baseline C57BL/6NHsd mouse-lucþ marrow chimeric mice were prepared with 10 Gy total-body irradiation; followed by i.v injection of 1 3 10 6 lucþ marrow cells 24 h later (5) . Chimerism was documented by bioluminescence imaging as reported (44) . Subgroups of these chimeric mice were irradiated with 16 Gy to the pulmonary cavity (5).
Marrow Stromal Cell Injection and Live Imaging Model
After 20 Gy thoracic irradiation nonchimeric mice were injected intraperitoneally (i.p.) according to published methods (6) at each of several time points with 1 3 10 6 or 2 3 10 6 lucþ bone marrow stromal cells from a lucþ stromal cell line. In preliminary studies, attempted i.v. injection of these cells in numbers over 1 3 10 5 cells was lethal due to clumping and emboli. Starting 2 days after cell line injection, mice were imaged at serial time points after injection of D-luciferin (Gold Biotechnology, St. Louis, MO) using a Xenogen IVIS Imaging System 200 Series and the bioluminescent signal for each mouse was quantitated. As controls for thoracic irradiation, other C57BL/6NHsd mice were irradiated with 20 Gy to the right hind limb and injected i.p. with lucþ bone marrow stromal cells in the same cell numbers and at the same time points used for the thoracic irradiation experiment. Animals were imaged for lucþ cell migration into irradiated hind limbs using methods identical to those used for irradiated pulmonary groups. The bioluminescence of the mice treated with MMS350 in the drinking water was compared to mice on regular drinking water using a Student's t test.
Pulmonary Histopathology
Lungs from irradiated mice and from control unirradiated mice were removed, fixed in 2% paraformaldehyde and cryoprotected in 30% sucrose prior to freezing. Frozen sections were stained with H&E, Masson's trichrome (for collagen) and CD45 (leukocyte common antigen). For CD45 immunostaining, sections were incubated with a monoclonal rat anti-mouse CD45 primary antibody (BD Pharmingen, San Jose, CA), followed by a goat anti-rat Alexa Fluor 555 secondary antibody (Invitrogen, Grand Island, NY). Light microscopic quantitation of percentage of fibrosis (organizing alveolitis) in H&E stained sections was performed. Quantitation of percentage of fibrosis in lung sections was performed using ImageJ software (42) . For each lung sample section, the total lung area was determined using manual outlining. Next the total area of the lung that was fibrotic was determined, measurements of total area versus fibrotic areas were summed and the percentage of fibrosis obtained for each lung sample. For each animal, 2 slides with 2 whole-lung sections (fields)/slide were scored, blinded, by two observers, for a total of 4 fields/animal. Percentage of fibrosis was scored in 4 animals for the acute phase and latent period time points and in 12 animals for the late fibrotic phase time points. Results are reported as mean 6 SEM. The two-sided twosample t test was used to compare treatment groups.
Radiation Mitigator Drug Administration
For total-body irradiation mitigation experiments, mice were injected i.p. 24 h after irradiation with MMS350 in phosphate buffered saline (PBS) (27) or JP4-039 (GS-nitroxide) at 20 mg/kg (25) in 10% cremphor/10% ethanol/80% water according to published methods (18) . For long-term administration of MMS350, the drug was added to the water bottles and the bottles changed every 7 days.
To determine the daily consumed dose of MMS350, 3 methods of calculation were used: First, the water bottles were weighed daily for 7 days divided by the number of mice per cage, and the amount of water consumed by each mouse in that cage determined based on the density of water of 1 g/ml. Based on this method, pilot experiments with 10 mice per group followed for 7 days, were carried out with several conditions. Nonirradiated C57BL/6NHsd mice consumed 6.0 6 0.3 ml of water per day. Minimally less water (5.5 6 0.8 ml) was consumed daily by 20 Gy thoracic-irradiated mice, and 5.4 6 0.5 ml was consumed by mice daily administered MMS350 in drinking water before 20 Gy thoracic irradiation, P ¼ 0.4926 and 0.2847, respectively, compared to nonirradiated control mice. Second, we used a recently published method (40) indicating that a hydrated mouse drinks at least 0.098 ml/g body weight. Third, another report (41) indicated that a mouse drinks 1.5 ml/10 g body weight. By these second and third calculations, a normal adult C57BL/6NHsd mouse of 25 g would drink 2.45 ml to 3.75 ml per day. We then determined the range of possible levels of water intake based on the three methods and estimated the amount of drug consumed per mouse per day. The dose of MMS350 in each water bottle was 400 lM. Based on the range of minimal water amount required for survival and measured volumes of water reduced in the bottles per mouse/day, we calculated a consumption of 2.45 ml to 6.0 ml per day per mouse. Therefore, the total MMS350 consumed by each animal daily ranged from 213 lg to 522 lg per day.
MMS350 Stability Assays
A sample of 4 mg of MMS350 was dissolved in 1 mL of water (Sigma-Aldrich Chromasolv) and monitored for stability at room temperature. Chemical analysis was performed at 3, 5, 7 and 14 days by liquid chromatography-mass spectrometry analysis (LC/MS) on a ThermoScientific Exactive Orbitrap instrument using a Waters XBridge BEH C18 column (2.5 um particle size, 2.1 3 50 mm ID 3 length; gradient 3:92:5, acetonitrile:water:methanol, to 93:2:5, acetonitrile:water:methanol over 4 min, with a 2 min wash, 1 min reverse gradient and 3 min equilibration; acetonitrile and water contain 0.1% formic acid additive; ionization was in HESI positive mode). All analyses indicated .99.9% purity of MMS350, and no decomposition was detected. Independently, neat MMS350 was kept at room temperature for 6 months and no decomposition was detected by LC/MS analysis. Therefore, the drug MMS350 was stable in drinking water for 7 days and the consumed dose by mice ranged from 213-522 lg/mouse/day.
Statistical Methods
The in vivo mouse survival data are presented as Kaplan-Meier curves and compared with two-sided log-rank tests (28) . The in vitro radiation survival curves were analyzed with the linear-quadratic 476 model and the single-hit multi-target model were compared using D 0 (final slope representing multiple-event killing) and Ñ (extrapolation number measuring width of the shoulder on the radiation survival curve) (28, 43) . Results for D 0 and Ñ are presented as the mean 6 standard error of the mean (SEM) from multiple measurements and compared with the two-sided two-sample t test (43) .
Tissue gene expression was measured by the RT-PCR (28) method. The data were normalized by calculating the differences (DCt) from the Ct-GUSB and Ct-Target genes. The relative increase or decrease in expression was calculated by comparing the reference gene with the target gene (DDCt) and using the formula for relative expression (¼ 2 DDCt ). Groups were compared in terms of relative expression. In the experiment for time course of induction and duration of elevation of mRNA expression in 20 Gy irradiated lung, gene expression at various time points after irradiation was compared to preirradiation at day 0. Testing the effect of MMS350 treatment in irradiation induced transcripts for genes associated with pulmonary fibrosis, was carried out by comparing each day to the day 0 result, and comparing groups with and without MMS350 on each day after irradiation. All comparisons were done with the two-sided two-sample t test.
In bone marrow lucþ stromal cell line injection and live imaging experiments, bioluminescence in the lungs of live mice treated with MMS350 in the drinking water was compared to mice given regular drinking water. In pulmonary histopathology experiments, the percentage of lung fibrosis in each lung specimen was compared between irradiated and unirradiated control groups. For quantitation of MMS350 effects on reduced expression of radiation-induced proteins (NF-jB, Nrf2, MnSOD and TGF-b) in the lungs of 20 Gy irradiated mice by Western blot, the level of protein expression was analyzed by comparing each day to the day 0 time point, and comparing treated mice with MMS350 in drinking water to those untreated and sacrificed on the same day after irradiation. All these comparisons were done with the two-sided two-sample t test. Every experiment was carried out 3 times. Numbers of mice per experiment are shown in the figure legends.
In all the above exploratory studies, we did not adjust P values for multiple tests.
RESULTS

MMS350 is a Water-Soluble Radiation Protector and Mitigator
The structure and synthesis of MMS350 (27) is shown in Fig. 1 . MMS350 was protective and mitigative for C57BL/6 bone marrow stromal cells in vitro (Fig. 2) and was mitigative against radiation-induced death in C57BL/6NHsd mice irradiated with 9.5 Gy total-body irradiation (Fig. 3) . The effects were comparable to those obtained from using the GS-nitroxide JP4-039 (18) (Fig. 3) .
FIG. 1.
Chemical synthesis and molecular structure of MMS350. Commercially available alcohol 1 was converted to tosylate 2. Dimerization of tosylate 2 using disodium sulfide nonahydrate followed by oxidation with sodium periodate afforded the bifunctional dimethyl sulfoxide MMS350.
FIG. 2.
In vitro radioprotection and mitigation of bone marrow stromal cells. In vitro survival curves were performed using a bone marrow stromal cell line derived from C57BL/6NHsd mice. Cells were incubated in 100 lM MMS350 for 1 h before irradiation or MMS350 (100 lM) was added to the cells 10 min after irradiation. Cells were irradiated to doses ranging from 0-8 Gy, plated in 4-well tissue culture plates, incubated for 7 days at 378C in a humidified CO 2 incubator, and stained with crystal violet. Colonies of greater than 50 cells were counted and analyzed using a linear quadratic model or single-hit, multi-target model. Cells incubated in MMS350 before irradiation were more resistant to radiation as seen by an increased shoulder on the survival curve (ñ ¼ 15.8 6 2.9 compared to 5. We tested the hypothesis that serial time live imaging of lucþ marrow chimeric mice would identify the timing of marrow migration to the lungs and the onset of pulmonary fibrosis. Luc þ chimeric mice were prepared by total-body irradiation according to procedures described in the Materials and Methods. A schematic of the experimental plan is shown in Fig. 4 . At day 63 post-luc þ bone marrow injections, the thoracic cavity of chimeric mice were irradiated with 16 Gy, according to published methods (5) .
As shown in Fig. 5 (see Supplementary Figs . S1-S3; http://10.1667/RR3233.1.S1), TBI, lucþ bone marrow chimeric mice had marrow cavity restricted bioluminescence (day 28) but no pulmonary concentration of lucþ cells until 60 days after thoracic irradiation (day 123, post-TBI). These results were confirmed in multiple experiments (see Supplementary Figs . S1-S3; http://10.1667/RR3233.1. S1). The results confirm and extend prior published experiments with GFPþ marrow transplanted mice that show marrow cell migration to the lungs at the time of onset of pulmonary fibrosis (5, 6).
MMS350 Administration Decreases Luciferaseþ Bone Marrow Stromal Cell Migration to Irradiated Lung
In a second established experimental model of marrow stromal cell line migration to the irradiated lung (5), C57BL/6NHsd mice were irradiated with 20 Gy to the thoracic cavity and then held for varying intervals. At day 3, 60 or 127, subgroups of mice received i.p. injections of 1 3 10 6 cells (Fig. 6 ) from a lucþ bone marrow stromal cell line that was established from C57BL6-lucþ GFPþ marrow using published methods (5) . As shown in Fig. 6 (see Supplementary Figs. S4-S7 ; http://10.1667/RR3233. 1.S1), there was no significant accumulation of lucþ cells in the lungs of mice injected during the acute phase radiation response at day 3 ( Fig. 6A and C) or day 60 during the latent period ( Fig. 6B and D) . In marked contrast, mice injected at day 127 during the onset of lung fibrosis (organizing/alveolitis) showed significant migration of luc þ cells to the lungs (Fig. 6E and F) . The specificity of the migration to the lung was confirmed in another experiment using mice whose hind leg was irradiated and held for equal intervals before i.p. injection of the same luc þ cell line. No cell migration to the irradiated limb was observed (Fig. 7) . For all experiments, i.p. bone marrow stromal cell line injection was used, because i.v. injections caused clumping and rapid deaths (within minutes of injection) from pulmonary emboli. The results were similar and more prominent in mice receiving a higher cell number of injected bone marrow stromal cells, which migrated from the peritoneal cavity to the lungs (see Supplementary Figs. S4-S5 ; http://10.1667/ RR3233.1.S1). Mice receiving MMS350 in drinking water beginning at day 100 showed less lucþ cell migration to the lungs ( Fig. 6C and F were irradiated with 20 Gy to the pulmonary cavity. The mice were shielded so that only the pulmonary cavity was irradiated. On day 100 after irradiation, half of the mice were placed on 400 lM MMS350 in drinking water. In subgroups, at days 3 (5 mice), 60 (5 mice) or 127 (15 mice) after irradiation, mice were injected i.p. with 1 3 10 6 cells of a bone marrow stromal cell line derived from a luciferaseþ/GFPþ mouse. Bioluminescence was measured by imaging as described (44) . In vivo imaging revealed little or no migration of lucþ bone marrow stromal cells to the lungs of 20 Gy thoracic irradiated mice on days 3-15 after irradiation (panels A and C) or days 60-75 after irradiation (panels B and E). By 129 days after 20 Gy thoracic irradiation, migration of lucþ bone marrow stromal cells to the lungs was significant (panels E and F). The graphs (panels A-C) represent mean bioluminescence þ SEM for each time point after irradiation and day post lucþ cell injection. P values are for the comparison between mice that received MMS350 and those that did not (panel E). Serial bioluminescence imaging of a corresponding representative mouse (panel D-F) is shown for the time points and treatment groups indicated in the graphs. Mice administered MMS350 in drinking water displayed a significant decrease in pulmonary migration of lucþ bone marrow stromal cells compared to control irradiated mice (panels C and F).
Irradiation Induced Elevation of Pulmonary Gene Transcripts and Proteins in Whole Lung
To elucidate the mechanism by which late post-thoracic irradiation time-specific bone marrow stromal cell migration to the irradiated lungs was observed, we measured the relative levels of specific gene transcripts in whole lung at serial time points over 200 days after 20 Gy irradiation. We first addressed detection of three categories of gene transcripts that have been associated with ionizing irradiation effects on the lung. The acute lung radiation response has been associated with a pneumonitis-related histopathology including alveolar cell and endothelial cell swelling, alveolar space transudates and infiltration with inflammatory cells (3, 4, 7, 8) . Resolution of the acute phase in C57BL/6 mice is followed by a latent period during which the histopathology of the lung returns to normal (4, 17) . As shown in Fig. 8 and Table 1 , elevated levels of RNA transcripts associated with the acute pulmonary radiationinduced reaction between days 1 and 14 included those for transcription factors associated with oxidative stress (Nrf2), and DNA damage (NF-jB), AP-1, SP-1 (Fig. 8A) , endothelial cell specific genes vWF, VEGF (Fig. 8B) , growth factors IL-6, CTGF, FGF-1 (Fig. 8B) , and downstream response elements including the protective enzyme marker (MnSOD) and the cytokine (TGF-b) (Fig.  8C) . Transcripts for acute phase associated gene activation products including the protective enzyme MnSOD decreased after day 14 and remained low during the latent period between days 28 and 120, but increased again at day 125 along with new markers IGFbp7 and TLR4 (Fig. 8C) .
During the latent period (days 14-110), a different pattern of gene transcript expression was detected, and included endothelial cell specific genes. As shown in Fig. 8B , endothelial cell associated gene transcripts remained elevated during the latent period including (vWF, VEGF, FGF1) as well as CTGF and IL-6. Therefore, some endothelial cell associated transcripts remained elevated after initial induction during the acute phase and well into the latent period distinct from the pattern observed with the transcripts NF-jB, Nrf2, SP-1, AP-1 (Fig. 8A) and inflammatory associated TGF-b, TNF-a and MnSOD (Fig.  8C) . These results establish a pattern of elevated endothelial cell associated gene transcripts during the latent period in FIG. 7 . In vivo serial imaging of lucþ bone marrow stromal cells after 20 Gy irradiation to the right hind leg. C57BL/6NHsd mice (n ¼ 15) were irradiated with 20 Gy to the right hind leg. The mice were divided into three groups (5 mice/group) with the first group injected with 1 3 10 6 lucþ bone marrow stromal cells 24 h after irradiation, the second group injected on day 50 after irradiation and the third group injected 136 days after irradiation. The graphs (panels A-C) represent mean bioluminescence þ SEM for each time point after irradiation and day after lucþ cell injection carried out according to published methods (44) . A corresponding representative mouse from each group (panels D-F) is shown for the time points indicated in the graphs. In vivo imaging revealed no migration of 1 3 10 6 lucþ bone marrow stromal cells on days 1-15 (panels A and D); days 52-65 (panels B and E); or days 137-152 (panels C and F) after 20 Gy irradiation to the right hind leg.
RADIATION-INDUCED PULMONARY FIBROSIS AMELIORATED BY MMS350
FIG. 8. Radiation induction of mRNA by RT-PCR for acute phase, latent period and late fibrotic period transcript genes. C57BL/6NHsd mice (n ¼ 30) were irradiated with 20 Gy to the pulmonary cavity. The mice were sacrificed on various days after irradiation and then the lungs were removed, immediately frozen on dry ice, and mRNA was extracted and real time RT-PCR was performed using primers specific for promoters associated with: Panel A: Pulmonary early response genes, NF-jB (NFK-b) (white), NRF2 (purple), SP-1 (red), AP-1 482 the lungs of thoracic irradiated C57BL/6NHsd mice during the time when no histopathologic changes have been identifiable (4, 8, 17) .
The late, fibrotic phase of irradiation induced pulmonary damage in C57BL/6HNsd mice was associated with a secondary elevation of some of the gene products identified during the acute phase (MnSOD, TGF-b) (4, 17) , but new gene transcripts after day 120 and extending out to day 200, including IGFbp7 and TLR4 (Fig. 8C) .
MMS350 Administration Reduces Expression of Gene Transcripts and Proteins Associated with Late RadiationInduced Fibrosis
We tested the hypothesis that administration of MMS350 continuously in drinking water might reduce both transcription of genes and proteins associated with radiation-induced pulmonary fibrosis. In a repeat experiment, MMS350 at 400 lM was administered in drinking water continuously beginning at day 100 after thoracic irradiation with 20 Gy. Mice receiving MMS350 showed decreased expression at 150 and 200 days after irradiation of several of the late fibrosis phase mRNA transcripts, including MnSOD, TGFb, TLR4, IGFbp7, VEGF, CTGF and FGF1 ( Fig. 9 ; see Supplementary Table S2 : http://dx.doi/10.1667/RR3233.1. S1), including those for both endothelial cell markers, and cytokine and inflammatory markers (Fig. 9) . At 200 days after irradiation, mice treated with MMS350 showed decreased levels of gene transcripts for Nrf2, endothelial cell genes VEGF, CTGF, and FGF1, and fibrosis associated transcripts for MnSOD, TGF-b, TLR4 and IGFbp7 (statistical evaluation is shown in Supplementary Table  S2 : http://dx.doi/10.1667/RR3233.1.S1). These results establish that MMS350 treatment decreases levels of radiation-induced expression of several RNA transcripts associated with late pulmonary fibrosis. Decreased transcript levels in MMS350 treated mouse lungs correlated with decreases in protein levels for TGF-b and Nrf2 ( Fig.  10 ; see Supplementary Table 3 : http://dx.doi/10.1667/ RR3233.1.S1). Notes. C57BL/6NHsd mice were irradiated with 20 Gy to the pulmonary cavity. The mice were sacrificed at various times after irradiation, the lungs were removed, and mRNA was extracted. RT-PCR was performed to measure gene expression. Shown above is the gene expression in fold difference level compared to baseline level at 0, 2, 50, 100, 150 and 200 days after irradiation with comparisons made to day 0 to demonstrate increased gene expression after irradiation. Results at additional time points for all genes tested are shown in Supplementary Table S1 ; http:// dx.doi.org/10.1667/RR3233.1.S1. Significant P values below 0.05 are bold.
RADIATION-INDUCED PULMONARY FIBROSIS AMELIORATED BY MMS350
FIG. 9. MMS350 decreases radiation-induced transcripts of genes associated with pulmonary fibrosis (organizing alveolitis). C57BL/6/NHsd female mice (n ¼ 30) were irradiated with 20 Gy to the thoracic cavity with a subset of mice placed on MMS350 in the drinking water on day 100 after irradiation. The mice were sacrificed on day 0, 7, 28, 150 and 200 after irradiation, then the lungs perfused with PBS, removed and frozen on dry ice. RNA was extracted and RT-PCR was performed using primers specific for promoters associated with: Panel A: Pulmonary early response genes, NF-jB (NFK-b), Nrf2, SP-1, AP-1; panel B: endothelial cell specific markers, vWF, VEGF, FGF1, CTGF; or panel C: genes associated with development of pulmonary fibrosis, MnSOD, TGF-b, IGFbp7, TLR4. Significant differences (P , 0.05) in gene expression between irradiated control mice and MMS350 treated mice are indicated by the (*) symbol.
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MMS350 Reduces Histopathologically Detectable Fibrosis in Lungs of Thoracic Irradiated Mice
We next determined whether the MMS350-mediated reduction in both marrow stromal cell migration to the irradiated lungs and radiation-induced gene transcripts reduced the level of histopathologically detectable fibrosis.
We compared the lung histology of mice placed on MMS350 in the drinking water weekly with that of irradiated controls. We quantitated the level of fibrosis, collagen deposition and inflammatory cell accumulation in the lungs of mice at several time points. Light microscopic quantitation of the percentage of fibrosis in H&E stained lung sections from the acute phase, latent period and late Supplementary Table S3 ; http://dx.doi.org/10.1667/RR3233.1.S1). Mice administered MMS350 daily in drinking water beginning at day 100 had significantly decreased TGF-b and Nrf2 protein at 150 days after irradiation. P1 compares results at the indicated day after irradiation to day 0; P2 compares results with MMS350 treated to irradiation control at that day.
FIG. 11. MMS350 in drinking water decreases late pulmonary fibrosis in thoracic irradiated C57BL/6NHsd mice. Twenty Gy irradiated pulmonary control mice (n ¼ 30) and a subgroup of mice treated with MMS350 in the drinking water daily beginning at day 100 (n ¼ 15) were injected with lucþ bone marrow cells at day 120 after irradiation. At 200 days after irradiation, lungs were removed and frozen sections were stained with hematoxylin and eosin (H&E). Light microscopic quantitation of percentage of fibrosis in H&E stained sections was performed using ImageJ software as described in the Materials and Methods. For each animal, 2 slides with 2 fields/slide were scored, blinded, for a total of 4 fields/animal. Results are reported as mean 6 SEM. Irradiated control mice had significantly more fibrosis than mice treated with MMS350 in their drinking water (P , 0.0001). 
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fibrotic time points was performed. As shown in Fig. 11 , there was a significant reduction in late pulmonary fibrosis (day 200) in mice administered MMS350 compared to irradiated controls (P , 0.0001). There was no detectable fibrosis in the lungs of acute phase or latent period lung specimens (Fig. 12A ). In contrast, there was significant collagen deposition detected by Masson's trichrome stain of irradiated lungs during the fibrosis phase at day 200 (Fig.  12B) . The level of fibrosis at day 200 was decreased in MMS350 treated mice (Fig. 12B) . The number and distribution of CD45þ inflammatory cells in the lungs of MMS350 treated mice was also decreased compared to irradiated controls (Fig. 12B) . No detectable differences in these parameters were observed in the lungs of acute phase or latent period irradiated lung compared to unirradiated control lungs (Fig. 12A) . We next measured Collagen 1a gene transcript levels in lung specimen at 9 time points after thoracic irradiation with 20 Gy. Increased gene transcript expression for Collagen 1a (Fig. 12C ) was detected at both acute time points and at the time of collagen deposition (Fig. 12C) . The increased mRNA expression for Collagen 1a during days 2-50 decreased during the latent phase (days 50-150). During the fibrotic phase (day 200), there was significantly (Fig. 12C ).
DISCUSSION
The current results establish that a novel water-soluble oxetanyl sulfoxide has potent radiation mitigation properties against both total-body radiation-induced hematopoietic syndrome and late thoracic radiation-induced pulmonary fibrosis. When administered in a single dose 24 h after totalbody irradiation, MMS350 (27) was an effective radiation mitigator against the LD100/30 dose of total-body irradiation in C57BL/6J/NTac mice and was an effective radiation protector and mitigator for cells in vitro. Radiation mitigation was comparable to levels observed with other small molecule radiation protectors and mitigator drugs that are not water soluble (18, (22) (23) .
Administration of MMS350 in drinking water decreased the magnitude of late radiation-induced pulmonary fibrosis in 20 Gy thoracic-irradiated mice and decreased the pulmonary migration (homing) of lucþ bone marrow stromal cells in both marrow chimeric and cell line injected mouse models. The present data with serial imaging of lucþ cells in live mice (44) confirm and extend previous publications establishing the marrow origin of cells contributing to radiation pulmonary fibrosis (5, 6) . In the present study, we did not track or quantitate proliferation of lucþ cells in the lungs after i.p. cell injection. The increased bioluminescence over several weeks suggests that proliferation may have occurred. Lung-specific homing of luc þ cells was confirmed by imaging other organs in these animals at the time of sacrifice. No detectable bioluminescence was observed in heart, thymus, ribs, liver, intestine, spine or skin. Previously reported studies with BrdU labeling of stromal cell line injected, lung-irradiated mice have confirmed that cell division does occur after homing of GFPþ bone marrow cells (5) . In cell line injected mice, lung specific accumulation could have followed i.p. injection due to lymphatic system travel of cells to the lungs; however, marrow chimeric mice in which blood born migration was likely, also showed the same lung specific accumulation of lucþ cells.
Circulating bone marrow stromal cells (mesenchymal stem cells, mesenchymal stromal cells) have multiple roles with respect to the lung damage response (5-8) including transfer of mitochondria to inflammation damaged pulmonary epithelial cells (36) , and repopulation of irradiation damaged marrow sites (37, 38) . We observed marrow stromal cell homing to the lungs during the late fibrosis period by imaging lucþ bone marrow stromal cells in live animals. Bioluminescence was observed only in the lung. The current studies do not rule out the possibility of homing of smaller numbers of cells to bone marrow (37) or other organs including liver and spleen. Regulatory signals from myofibroblasts in the damaged liver have been known to regulate fibrosis (39) .
Evaluation of lung specimens during the fibrotic phase of the pulmonary radiation response demonstrated increased Collagen 1a by RT-PCR, Masson's trichrome staining and fibrosis by scoring for percentage of fibrosis in overall lung sections. There was also a significant increase in CD45 þ inflammatory cells in the lungs during the fibrotic phase. Both overall levels of fibrosis and inflammatory cell accumulation in lungs were significantly decreased by MMS350 treatment starting 100 days after thoracic irradiation. Thus, MMS350 decreased the overall level of radiation-induced pulmonary fibrosis, accumulation of inflammatory cells and bone marrow origin stromal cell migration to the lungs. These results provide evidence that MMS350 is an anti-fibrotic and anti-inflammatory agent, as well as an inhibitor of cell migration into irradiated lungs. Thus, MMS350 has potential applications not only for mitigation of acute total-body irradiation effects, but also for late radiation-induced inflammatory and fibrotic effects.
We used real-time RT-PCR analysis of the molecular and cellular biomarkers during the acute phase (4, 7, 8, (33) (34) (35) and the chronic phase (7, 8) of pulmonary radiation-induced damage and the latent period. Endothelial cell associated gene transcripts for vWF, VEGF, CCL3, IL6 and CTGF were elevated during the latent period and maintained during the time of fibrosis. Administration of MMS350 in drinking water during the latent period after thoracic irradiation also reduced the levels of several biomarkers of late radiation-induced pulmonary fibrosis. There were also downregulated transcripts of genes that we determined to be associated with the late pulmonary fibrotic reaction, including TGF-b and TLR4 (12, 13, 31, 32) . Furthermore, MMS350 modulated the radiation-induced elevation of both mRNA transcripts and proteins, including some specific to pulmonary endothelial cells including VEGF.
We do not know how the gene transcript signature relates to the two components of lung fibrosis: (1) proliferation of endogenous lung fibroblast progenitors, and (2) migration of marrow stromal cells to the lungs at day 200. The evidence points to TLR4 and IGFbp7 as potentially relevant late gene expression targets. Studies of the other 8 TLR family transcripts are in progress to determine if endogenous lung fibroblasts and migratory marrow origin cells are stimulated by TLR4. Cytokine and chemokine receptor elevations have been shown to occur in radiation-induced pulmonary fibrosis (45) . It is not yet known whether lung fibrosis -resistant C3H/HeJ mice (7, 8) demonstrate the same pattern and time course of radiation-induced upregulation of gene products by RT-PCR, and bone marrow derived stromal cell homing to the lungs. Whether there is a pulmonary radioprotective effect of MMS350 in other mouse strains is also not known. Experiments blocking the heart during thoracic irradiation are in progress with larger numbers of mice to test whether MMS350 treatment improves overall survival after thoracic irradiation. The time of migration to the lungs of luciferaseþ marrow stromal cells was associated with late elevations of transcripts for TLR4, TGFb, IGFb7 and MnSOD and these elevations were inhibited by administration of MMS350 in drinking water. The present discovery of continuous elevation during the latent period of vWF and VEGF as well as other endothelial cell markers indicates that endothelial cells in the irradiated lung demonstrate persistent elevation in gene expression after ionizing irradiation and after histopathologic markers of the acute response have subsided.
Mobilization and homing of bone marrow stromal cells to the lung occurred specifically during the late phase after lung irradiation at 120-200 days and was associated with upregulation of TLR4, IGFb7, MnSOD and TGF-b. The present studies did not address the questions of whether a minimum pulmonary radiation dose is necessary for late homing of stromal cells to the lung, whether homing occurs after fractionated or partial lung irradiation, nor did the studies address if the mouse genotype specifically correlates to gene transcripts involved in late pulmonary fibrosis (7, 8, 15, 16) .
The mechanism of action of MMS350 as a radiation mitigator and anti-fibrotic agent is not yet known but it may involve its antioxidant properties. Irradiated cells in culture treated with MMS350 showed decreases in the following: radiation-induced DNA strand breaks by neutral Comet assay, apoptosis by Apotagt assay, antioxidant stores by Trolox equivalent units assay and modulation of radiationinduced G 1 /S-and G 2 /M-cell cycle arrest. Studies to determine whether MMS350 acts at the level of mitochondrial mediated apoptosis or through direct effects on nuclear DNA repair or a combination of these pathways are in progress.
The water solubility and ease of administration of MMS350 in drinking water makes long-term administration practical. The availability of mice with genetically altered radiation-damage and cytokine response pathways should facilitate the investigation of the mechanism of MMS350 mediated mitigation. Preliminary data indicate that a toxic level of orally delivered MMS350 has not yet been reached. Further studies will be required to determine which factor(s) signals stromal cell migration from the marrow to the lung to cause pulmonary radiation fibrosis.
